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ABSTRACT
ROLE OF urdA IN REGULATION OF DEVELOPMENT AND SECONDARY
METABOLISM IN Aspergillus nidulans

Sandesh S. Pandit, M.S.
Department of Biological Sciences
Northern Illinois University, 2017
Ana M. Calvo, Director

The genus Aspergillus includes important agricultural plant pathogens, such as
Aspergillus flavus, and also opportunistic human pathogens, for instance A. fumigatus. These
organisms synthesize a wide range of secondary metabolites, including harmful mycotoxins. The
production of these secondary metabolites as well as developmental processes are subject to a
complex genetic regulation responsive to different intracellular and extracellular signals. The
goal of my study is the characterization of the urdA gene, which encodes a putative Helix-loophelix DNA binding domain protein, in the filamentous model fungus Aspergillus nidulans.
Bioinformatics analyses suggests that urdA is discrete to the genus Aspergillus and few other
fungal genera. The results of this study revealed that urdA is involved in the regulation of
morphological development in strain with a wild-type genetic background (veA+). The urdA
deletion mutant (urdA) presented a reduction in conidiation with respect to the control.
Overexpression of brlA reestablished conidiation in the absence of urdA. Production of
cleisthothecia was drastically increased in urdA, even in the presence of light, condition that
reduces sexual development in this organism. Light also represses the production of the
mycotoxin sterigmatocystin (ST) in A. nidulans wild-type under the experimental conditions

assayed. However, urdA produced similar ST levels in the light as those observed when the
cultures were incubated in the dark, indicating that urdA influences the biosynthesis of ST,
mediating the response to external stimuli such as light. In addition, although, urdA does not
affect penicillin production, this gene regulates the production of several unknown secondary
metabolites. Interestingly, urdA affects the cell abundance and distribution of VeA, a global
regulatory protein conserved in many fungi that controls development and secondary
metabolism. Furthermore, our genetics studies indicate that veA appears epistatic to urdA,
although both regulator also conduct independent roles in A. nidulans.
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INTRODUCTION
Numerous fungal species synthesize a variety of natural products, these compounds are
also called secondary metabolites. These compounds are not necessary for the organism to
survive but can give it an ecological advantage (Adrio and Demain, 2003; Reverberi et al.,
2010; Brakhage and Schroeckh, 2011). Many secondary metabolites produced by fungi are
bioactive and have a beneficial effect, whereas others are detrimental to plants, animals and
human health. Among these harmful compounds are mycotoxins. Some of these mycotoxins are
mutagenic, teteratogenic, and carcinogenic (Bennett and Klich, 2003; Woloshuk and Shim,
2013). Aspergillus nidulans, a filamentous fungus that has been used as model organism for
more than 60 years (Pontecorvo et al., 1953), is capable of producing mycotoxin known as
sterigmatocystin (ST). ST is similar to a highly carcinogenic compound known as aflatoxins
(AF) (Payne and Brown, 1998; Sweeney and Dobson, 1999; Payne and Yu, 2010). Different
types of AF exist, with aflatoxin B1 (AFB1) being the most notorious one. AFB1 is known to be
the most carcinogenic natural compound known causing death through hepatocellular carcinoma
(Kew, 2013). Once aflatoxin enters the organism, an endogenous cytochrome P450
monooxygenase converts aflatoxin B1 in an epoxide form that causes mutations in the tumor
suppressor gene P53 by a substitution mutation of arginine to serine and thus causing
hepatocellular carcinoma. AF are produced by species phylogenetically related to A. nidulans
such as Aspergillus flavus, Aspergillus parasiticus, and Aspergillus nomius. Both, ST and AF,
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are synthesized through a conserved metabolic pathway, where ST is the penultimate precursor
of AF (Cole and Cox, 1981). The genes involved in the production of ST and AF are clustered.
In addition to the enzymatic structural gene, these clusters also include a regulatory gene known
as aflR, that encodes for a transcription factor necessary for ST cluster activation. (Yu et al.,
1996; Keller and Hohn, 1997; Fernandes et al., 1998; Keller et al., 1994). Aspergillus
nidulans also synthesizes other secondary metabolite compounds, some of which have been
shown to be beneficial due to their medical applications, including the beta-lactam antibiotic
penicillin (PN) and the anti-tumoral secondary metabolite terrequinone A (Brakhage et al.,
2009); Balibar et al., 2007).
Aspergillus nidulans is widely used as a model organism for asexual and sexual
developmental studies in addition to secondary metabolite production (Etxebeste et al., 2010a;
Park and Yu 2012). This species develops resistant structures called cleistothecia where sexual
spores (ascospores) are formed. Cleistothecia are known to survive extreme environmental
conditions. After conditions are again favorable, the fungus can begin to grow and thrive.
Cleistothecia are formed by masses of vegetative hyphae called primordium which eventually
harden into a cleistothecium. The primordium is surrounded by Hülle cells, specialized cells that
nurse the cleistothecial primordia to help form the cleistothecia wall which protects the sexual
spores contained within it. Inside these structures, the reproductive ascogenous hyphae
proliferate, that generate asci which contain 8 sexual ascospores per ascus (Alexopoulos, 1962;
Yager, 1992; Alexopoulos et al., 1996).
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In non-specialized cells known as vegetative hyphae, cell differentiation occurs which
results in the production of a specialized cell known as a foot cell. The foot cell ultimately give
rise to an asexual developmental structure known as a conidiophore. On the surface of the
conidiophore vesicle, metulae and phialides develop which produce chains of the asexual spores
known as conidiospores (conidia) (Mims et al., 1988, Adams et al., 1998). Conidiophores have
been shown to be the most efficient form of dissemination for A. nidulans along with other more
pathogenic Aspergillus spp. such as A. flavus and Aspergillus fumigatus. Genes involved in
asexual development have been identified and extensively characterized in A. nidulans
(Etxebeste et al. 2010a; Ni et al., 2010; Adams et al., 1998; Park and Yu ,2012). Different
exogenous and endogenous stimuli induce the expression of genes that result in the modification
of vegetative hyphae into asexual reproductive structures (Fischer and Kües, 2006). The genes
involved in asexual development are split into the upstream developmental activators (UDA)
flbA-E and the central developmental pathway (CDP). The CDP consists of three genes known
as brlA, abaA and wetA which regulate expression of different genes involved in formation of
conidiophore cell in a spatiotemporal manner (Adams et al., 1998, Park and Yu 2012). Absence
of brlA leads to aconidial colonies. (Wieser et al. 1994).
Etxebeste et al. (2010a) showed the importance of a transcription factor known as flbB,
which regulates brlA expression, FlbB is detected at the tip of hyphae in the filamentous model
fungus A. nidulans. Mutations in flbB, as well as other genes in the UDA signaling pathway,
result in fluffy colonies (aconidial colonies with abundant aerial mycelium) (Adams et al., 1998;
Etxebeste et al. 2010a). flbB is not only required to induce asexual development but also to
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repress sexual development. flbB transcriptome analysis revealed the gene AN4394, called
urdA, as one of the flbB-dependent genetic elements. urdA expression decreased in the ∆flbB
mutant with respect to that of the wild-type, indicating that flbB positively regulates urdA,
suggesting its possible involvement in the regulation of morphogenesis (Oiartzabal-Arano et
al., 2015). An A. nidulans urdA putative ortholog has also been characterized in Aspergillus
oryzae which is known as ecdR(AO090023000902). Jin et al., 2011 discovered that the
disrupted homolog of urdA in A. oryzae hypoconidiated, whereas urdA overexpression strains
hyperconidiated. These results reflect the importance of urdA in development of conidiophores
(Jin et al., 2011). Oiartzabal-Arano et al., (2015) found low urdA transcription in vegetative
growth of A. nidulans. Also, the null brlA presented greater levels of urdA compared to the
control, indicating a repressor role of brlA in urdA expression (Oiartzabal-Arano et al., 2015).
This study also showed that deletion of urdA resulted in inhibition of conidiation and early onset
of cleistothecial development. In addition, the same study reported that two secondary metabolite
genes of the dba gene cluster (AN7895/cipB and AN7898/dbaD) (Gerke et al., 2012), involved
in the synthesis of the antibiotic 2,4-dihydroxy-3-methyl-6-(2-oxopropyl)benzaldehyde
(DHMBA), were upregulated in the ∆urdA strains.
Regulation of secondary metabolism is also known to be genetically linked to
development by the global fungal regulator veA (Kato et al., 2003; Calvo et al., 2016). Its gene
product, VeA, forms the VeA/VelB/LaeA heterotrimeric complex in A. nidulans and many other
fungi (Calvo et al., 2002; Calvo et al., 2016). In A. nidulans, the VeA protein is transported in a
light-dependent manner to the nucleus by an α-importin protein known as KapA, which binds to
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the nuclear localization signal (NLS) of VeA (Stinnett et al., 2007; Araujo-Bazan et al., 2009)
after it forms a dimeric complex with VelB (Bayram et al., 2008). Inside the nucleus, VeA
forms the heterotrimeric complex with VelB and LaeA that regulates secondary metabolite
production and fungal development (Calvo et al., 2008; Calvo et al., 2016).
Currently, urdA has only been characterized in a veA1 mutant background in A. nidulans.
The veA1 background consists of mutation in the first codon, resulting in a truncated VeA
protein with partial loss of a nuclear localization signal (NLS), and therefore unable to efficiently
translocate to the nucleus in the dark. The goal of this study is to characterize urdA in a veA+
wild-type background in A. nidulans. In my current study I examined: 1.) The effects of urdA on
asexual and sexual development in the veA+ genetic background. 2.) Evaluation of whether
overexpression (OE) of brlA is sufficient to promote conidiation independently of urdA by
generating an OEbrlA ΔurdA mutant. 3) The possible role of urdA on the regulation of ST
production. 4.) The possible effects of urdA on PN biosynthesis and production of other
secondary metabolites. 5.) Evaluation of conservation among other fungal homologs by
heterologous complementation of an A. nidulans ΔurdA strain with the urdA homologous gene
from the AF-producer A. flavus. 6.) Assessment of whether urdA influences the abundance and
subcellular localization of wild-type VeA. 7.) Epistatic relationships between urdA and veA by
the generation of a ΔurdAΔveA mutant.

MATERIALS AND METHODS
Sequence search and alignment analysis
The deduced amino acid sequence of A. nidulans urdA (ANID_04394) was obtained from
Broad Institute Aspergillus Comparative Database. BLAST search was performed in NCBI
(http://www.ncbi.nlm.nih.gov/) using the blastp search tools and homologous sequences and evalues were obtained. The sequence similarity and identity of the deduced UrdA protein was
compared to other homologs using a Needle pairwise sequence alignment
(http://www.ebi.ac.uk/Tools/psa/emboss_needle/). Percentage of identity and alignment were
recorded for species of the genera Aspergillus, Penicillium and Talaromyces. MUSCLE
sequence alignment (http://www.ebi.ac.uk/Tools/msa/muscle/) was performed with A. nidulans
UrdA as well as homologs from other fungi, followed by box shading using a Boxshade tool
version 3.21 (http://www.ch.embnet.org/software/BOX_form.html).
Phylogenetic analysis
For the phylogenetic analysis, the corresponding homologs of UrdA in Aspergillus flavus,
Aspergillus fumigatus, Aspergillus kawachii, Aspergillus niger, Aspergillus oryzae and
Aspergillus terreus were used. Putative homologs from species from other genera were also used
in this analysis, specifically Penicillium decumbens, Penicillium brasilianum, Penicillium
subrubescens, Talaromyces islandicus, Talaromyces atroroseus and Talaromyces verruculosus.
MUSCLE setting was used for multiple sequence alignment. The phylogenetic tree was

7

generated using a Maximum-likelihood model with a bootstrap value of 1000
(http://megasoftware.net/).

Fungal strains and culture conditions
The Aspergillus nidulans strains used in this study are listed in Table 1. All the selected
strains used for the characterization of urdA present a veA+ wild-type background. Strains were
cultured on Glucose Minimum Media (GMM) (Käfer, 1977) [20X salt solution – 5%, Trace
elements – 0.1%, Dextrose – 1%,] at 37 0 C in both light and dark conditions, with appropriate
supplements for the respective auxotrophic markers unless otherwise stated. For solid medium,
agar (15g/L) was added. Threonine (TMM) replaced glucose for induction in the overexpression
experiment where alcA promoter was used. The strains were stored as 30% glycerol stocks at -80
0

C. The experiments were carried out using three replicates. Statistical analysis was performed

utilizing ANOVA with a confidence limit of 95%.
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Table 1
Fungal strains used in this study
Strain

Pertinent genotype

Source

FGSC4

Wild-type

FGSC*

BD834

∆urdA::pyrGA. fum; pyrG89; pyroA4

This study

TSA1.1

pyroA4

This study

T-17

veA::gfp:: pyrGA.fum ; pyrG89; pyroA4

Stinnett et al.,
(2007)

RJMP1.49

pyrG89;argB2; ∆nku::argB; pyroA4

Shaban et al.
(2010)

TXF3.1

pyrG89;argB2; ∆nku::argB; ∆veA::pyro; pyroA4

Feng et al.
(2017)

TXFp2.1

∆veA::pyrGA.fum ; pyrG89; argB2, ;∆nku::argB;
pyroA4

Feng et al.
(2017)

TSSP1.1

∆urdA::pyrGA.fum ; pyrG89; argB2; ∆nkuA::argB;
pyroA4

This study

TSSP3.1

veA::gfp::pyrGA.fum; pyrG89, ∆nku::argB; argB2;

This study

TSSP4.1

pyrG89, argB2;, ∆nku::argB; , ∆urdA::pyroA
pyroA4

This study

TSSP6.1

pyrG89; veA::gfp::pyrGA.fum ; ∆nku::argB; argB2;
∆urdA::pyroA ; pyroA4

This study

TSSP7.1

pyrG89; argB2; ∆nkuA::argB

This study

TSSP13.1

pyrG89 ; ∆urdA::pyrGA.fum argB2; ∆nku::argB;
∆veA::pyroA; pyroA4

This study

TSSP20.1

∆urdA:: pyrG A. fum ;pyrG89;; ∆nkuA::arg; argB2;
alcA::brlA::gpdA::pyroA; pyroA4

This study

(continued on following page)
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Table 1. Continued
TSSP23.1

pyrG89; argB2; ∆nkuA::argB;
alcA::brlA::gpdA::pyroA; pyroA4

This study

TSSP25.1

∆urdA::pyrG A. fum;pyrG89;argB2; ∆nkuA::argB

This study

TSSP26.1

∆urdA::pyrG A. fum; pyrG89; ∆nkuA::argB; argB2;; This study
alcA::brlA::gpdA::pyroA; pyroA4

CA14

niaD-;pyrG-; Δku70

USDA**

TSSP27.1

∆urdA::pyrGA.fum ;pyrG89; ∆nkuA::argB: argB2;
urdA::pyro; pyroA4

This Study

TSSP28.1

pyrG89; ∆urdA::pyrG A. fum;argB2; ∆nkuA::argB;
urdAA.flavus::pyroA;pyroA4

This Study

*FGSC, Fungal Genetics Stock Center.
**USDA, United State Department of Agriculture

Construction of a urdA deletion (∆urdA) strain
The ∆urdA A. nidulans strain (TSSP1.1) was generated by constructing a 4.9 kb fusion
PCR cassette as previously described by Szewczyk et al. (2006) First, 5’ and 3’ UTRs
(untranslated flanking region) of urdA were obtained by PCR amplification from A. nidulans
FGSC4 genomic DNA using Taq HS polymerase (Takara) and primers urdA-P1 and urdA-P2
(Table 2), and primers urdA-P3 and urdA-P4 respectively. A selectable marker, pyrG from A.
fumigatus was PCR amplified separately using primers urdA-P5-pyrG and urdA-P6-pyrG from
plasmid pFON3 (Yang et al., 2004; Stinnett et al., 2007). The 5’ UTR, 3’ UTR and pyrG
fragments were fused using primers urdA-P7 and urdA-P8.
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Table 2
Primers used in this study
Name
urdA-P0
urdA-P1
urdA-P2
urdA-P3
urdA-P4
urdA-P5-Pyro
urdA-P6-Pyro
urdA-P7
urdA-P8
urdA-P5-pyrG
urdA-P6-pyrG
pyroAR
Gfp-mid-R
pyrG_Afum_F
pyrG_Afum_R
VeAFnest
gpdApromoF
ANurdA-comF-NotI
ANurdA-comR-SpeI
AflurdA-comF-NotI
AflurdA-comR-SpeI
AN_alcA(P)_F
ANbrlA_R
veAF5'UTR
veAGFP
ANVeASTagP4
AnidveA_P7
pyrG_FGSC4_F
pyrG_FGSC4_R

Sequence (5’ → 3’)
GGATCTCCTGGCGAGTCGTG
AAAGGCTGAGCAACTGGGAAGC
AGCCTAAACGCAACCTTGTCTCG
CGGTTCTCTGCTGTCATCTGGC
GAAGCGTGTCCTCGTCACTAGAAC
CGAGACAAGGTTGCGTTTAGGCTACCCTGGCGTTACCCAACTTA
GCCAGATGACAGCAGAGAACCGGGGCGACACGGAAATGTTGAATAC
AGGTCCTGGATCTCACACTGTCG
CTTCCACGTCACACCACCCT
CGAGACAAGGTTGCGTTTAGGCTACCGGTCGCCTCAAACAATGCTCT
GCCAGATGACAGCAGAGAACCGGTCTGAGAGGAGGCACTGATGCG
CGCGGAGAAGCTCATAGG
CGTCTTCGATGTTGTGGCGGG
GATGTGACGACAACCCGAGAACTCC
GAGCAGCGTAGATGCCTCGACN
CAACGCTCCTGAACGCCCT
AAGTACTTTGCTACATCCATACTCC
AAAAAAAAAAAGCGGCCGCAGGTCCTGGATCTCACACTGTCG
AAAAAAACTAGTGACTTCCACGTCACACCACCC
AAAAAAAAAAAGCGGCCGCGGATGCTGGACTCACGATGGTATTCTC
AAAAAAACTAGTCCAGACAAACACGCTTCGGGATTG
GGATCTGCGATGCTCCATAACCG
CGTAGTCGGGGCTGTTCTCG
TGTACAGCGTGCCGCCATAG
CGT ATC CCT CAG GCA TGG CG
TCGAGAGGCTGAAGCAGAAGACA
GGAATTACCGACTGGGGGAACCGAG
GTCGTTGGACAACCTCTTGGAGC
CCGATGCGATTGTCAAGTGAGTTGG
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Generation of the A. nidulans urdA complementation strain
A complementation strain (TSSP27.1) was obtained by transforming the ∆urdA strain
with the A. nidulans urdA wild-type allele. The complementation vector was designed as
follows: A DNA fragment containing the entire urdA coding region and the 1.5 kb of 5’ and 1.6
kb of the 3’ UTRs was PCR amplified with primers ANurdA-comF-NotI and ANurdA-comRSpeI (Table 2) using FGSC4 genomic DNA as template. The PCR product was digested with
NotI and SpeI and ligated into pSM3, previously digested with the same restriction enzymes. The
pSM3 vector contains pyroA as transformation marker. The resulting plasmid was denoted as
pSSP8.1. This vector was then transformed into the ∆urdA strain. Fungal transformants were
selected on appropriate selection medium lacking pyridoxine HCL. Complementation was
confirmed by a diagnostic PCR.
Morphological studies
To evaluate the effect of urdA on A. nidulans development, the wild-type, ∆urdA and
urdA-com strains were point-inoculated on GMM and incubated at 37 0 C under light and dark.
Experiments were performed in triplicate. Micrographs were obtained using Leica MZ75
dissecting microscope attached to a Leica DC50LP camera. An additional experiment was
performed to assess conidial and cleisthothecial production, approximately 5 x 106 spores of
wild-type, ∆urdA and urdA-com were top-agar inoculated onto 25 ml of solid GMM medium.
Cores were collected for conidial (7 mm core diameter) and cleisthothecial (16 mm core
diameter) quantification. Cores for conidial counts were homogenized in water and spores were
counted using a Hemocytometer (Hausser Scientific, Horsham, PA) under a Nikon Eclipse E-400
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microscope. To examine the cleistothecial production, cores were viewed under dissecting
microscope. The cultures were sprayed with 70% ethanol to remove conidiophores before
visualization of cleistothecia.
Heterologous complementation
The locus corresponding to the A. flavus urdA homolog (AFLA_113110) was also
transformed in TSSP1.1. The entire coding region of A. flavus urdA, plus 1 kb 5’UTR and 0.9 kb
3’UTR was PCR amplified using primers AflurdA-comF-NotI and AflurdA-comR-SpeI (Table
2) from A. flavus CA14 genomic DNA. The amplicon was digested with NotI and SpeI and
cloned into pSM3 digested with same endonucleases. The resulting complementation vector,
pSSP9.1, was transformed into TSSP1.1 strain. Complementation was confirmed by PCR using
the same primers. The strain was named TSSP28.1.
Generation of the overexpression brlA strain with a ∆urdA background
The brlA overexpression plasmid pSSP6.1 (Etxebeste et al., 2009), containing the
inducible alcA promoter, brlA coding region and gpdA terminator was transformed into TSSP1.1
and TRV50 strains; the transformants were designated as TSSP26.1 and TSSP23.1 respectively.
Transformants were screened by diagnostic PCR using primers AN_alcA(P)_F & ANbrlA_R.,
obtaining a 3 kb band to confirms the presence of the overexpression brlA cassette.
For overexpression analysis with alcA promoter, approximately 106 per ml spores of
wild-type, ∆urdA, and OEbrlA-∆urdA were inoculated in 50 ml liquid GMM. The cultures were
incubated for 16 h at 250 rpm and 37 0C. Mycelia were then collected and equal amounts of
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biomass were shifted onto inducing medium, threonine minimal medium (TMM) (12g/l of
threonine in MM) at 37 0 C. The alcA promoter, corresponding to an alcohol dehydrogenase
gene, is induced in the absence of glucose and the presence of alternative carbon source such as
threonine. The TMM cultures were further incubated in light and analyzed 6 days after the shift.
Toxin analysis
Three 16-mm diameter cores per plate were extracted with chloroform for each replicate.
The overnight dried extracts were resuspended in 200 ul chloroform. Twenty-five microliters of
each sample were separated using thin-layer chromatography (TLC) as previously described
(Cleaveland et al., 1987) and analyzed for ST analysis on silica gel plates using benzene and
glacial acetic acid [95:5(v/v)] as solvent system. Aluminum chloride (15% in ethanol) was then
sprayed and the plates were baked for 10 min at 80 0 C. ST bands were visualized under UV light
(375 nm). The ST standard was purchased Sigma-Aldrich (St. Louis).
Penicillin analysis
Bacillus calidolactis strain C953 was used as a test organism to perform a penicillin
bioassay as previously described (Brakhage et al., 1992) with some modifications. Spores (106
/ml) from the wild-type and ∆urdA strains were inoculated in 25 ml seed culture medium, and
incubated at 26 0C for 24 h at 250 rpm. Mycelia were transferred to the PN-inducing medium
(Brakhage et al., 1992). Three replicates were used for the experiment. The cultures were
filtered using Miracloth (Calbiochem, USA), the supernatants were then collected for analysis.
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Three hundred milliliters of Tryptone-Soy Agar was inoculated with 20 ml of B. calidolactis
C953 culture and plated on 150-mm diameter petri plates. Twenty microliters of culture
supernatant were added to 7-mm diameter wells perforated on Trypton-soy agar medium.
Bacterial cultures were cultured at 55 0C for 16 h, and inhibition halos were measured. To
evaluate whether the antibacterial activity was due to the presence of penicillin or to some other
fungal compound present in supernatant, commercial penicillinase from Bacillus cereus (Sigma,
MO, USA) were also included in this experiment. To determine the penicillin concentration, a
standard curve of various concentrations of penicillin (Sigma, MO, USA) was used.
Fluorescence microscopy
The veA::gfp::pyrGA. fumigatus ∆urdA strain was generated as follows: primers AnidveA_P7
and ANVeASTagP4 were used to PCR amplify a 6.6 kb fragment (Table 2) containing a
veA::gfp::pyrGA. fumigatus fragment from A. nidulans T-17 strain. The PCR product was then
transformed into A. nidulans TSSP7.1 and TSSP4.1 strains (Table 1) following a protocol
described by Szewczyk et. al., (2006). Selected transformants were confirmed by PCR using
primers VeAFnest and Gfp-mid-R. The resultant transformants were designated as TSSP6.1 and
TSSP3.1 respectively. Conidia from these two strains were allowed to germinate on coverslip
surface immersed in Watch minimal medium (Peñalva, 2005) in the dark for 6 h and then shifted
to light. Samples were washed with 1xPBS after 24 hours and stained with DAPI (60 ng/ml) in
0.1% Triton X-100 and 50% glycerol. A Leica DMI-6000b inverted microscope containing
Nomarski optics and fluorochromes from Semrock were used to observe for GFP (excitation,
470; emission, 525). Hamamatsu ORCA-ER, a high-sensitivity monochrome digital CCD
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camera were used to take the micrograph image. The exposure time for DAPI and GFP is 40 s
and 700ms (Standard for VeA) respectively.
Construction of a double mutant ∆urdA::pyrG, ∆veA::pyroA strain
A double deletion mutant ∆urdA∆veA strain (TSSP13.1) was generated by transformation
of ∆urdA::pyrG fusion cassette in A. nidulans ∆veA::pyroA strain (TXF3.1) by homologous
recombination. The ∆urdA::pyrG cassette was generated as described above. To study the
epistatic relation between veA and urdA, the wild-type, ∆urdA, ∆veA and ∆urdA∆veA strains
were point inoculated on GMM and incubated at 37 0 C under light and dark for 6 days.
Experiments were performed in triplicate. Micrographs were obtained using Leica MZ75
dissecting microscope attached to a Leica DC50LP camera. Quantification of conidia and
cleisthothecia was carried out as described above.
Statistical analysis
All the quantitative data in this study were analyzed for statistical analysis. ANOVA
(analysis of variance) was used to perform the statistical analysis. The significant difference
among the quantitative data was recorded if the p-value was determined to be less than
0.05(P<0.05).

RESULTS
urdA putative homologs were found in few other fungal genera
The sequencing information at fungidb.org shows that urdA (ANID_04394) encodes a
371 amino acid protein product. The urdA gene is located in chromosome III. There is a putative
HLH DNA binding domain which corresponds to the 2570-2737 nucleotide region. Comparative
analysis of the UrdA amino acid sequence revealed only moderate identity with possible
homologs in other Aspergillus species, such as A. flavus (48.3%), A. niger (45.5%), A. terreus
(47.7%), A. oryzae (38.8%), A. kawachii (45.1%) and A. fumigatus (46.1%) (Figure 1, Table 3).
Furthermore, the phylogenetic tree showed greater conservation among UrdA homologs from the
Aspergillus species analyzed A. flavus, A. niger, A. terreus, A. oryzae, A. kawachii and A.
fumigatus, than that between those and A. nidulans UrdA. In addition, UrdA putative homologs
were only found in closely related species of genus Penicillium and Talaromyces. Blast analysis
with other fungal species such as: Neurospora crassa, Fusarium graminearum, Cryptococcus
neoformans, Schizosaccharomyces pombe, Saccharomyces cerevisiae, Candida albicans,
Rhodosporidium toruloides, Puccinia graminis, Trichosporon asahii, Coprinopsis cinerea and
Cordyceps sinensis did not yield a match (data not shown). Comparison with non-fungal
organism like Homo sapiens, Arabidopsis thaliana, Xenopus tropicalis, Danio rerio, Mus
musculus, Drosophila melanogaster and Caernorhabditis elegans also did not gave any match,
which showed that UrdA is unique to fungi (data not shown).
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Figure 1. (A) Multiple sequence alignment of UrdA homologs in Aspergillus spp. Aspergillus
nidulans (A. nidulans), Aspergillus flavus (A. flavus), Aspergillus fumigatus (A. fumigatus),
Aspergillus kawachii (A. kawachii), Aspergillus niger (A. niger), Aspergillus oryzae (A. oryzae)
and Aspergillus terreus (A. terreus). Accession numbers of these sequences are listed in Table 3.
The red line, below the alignment sequences, indicates the HLH domain. Sequences were aligned
using Muscle (http://www.ebi.ac.uk/Tools/msa/muscle/). Alignment was visualized with
BoxShade v3.21 (http://ch.embnet.org/software/BOX_form.html). (B) Phylogenetic tree of UrdA
homologs from other fungal species. Phylogenetic trees constructed using MEGA v7.0. Trees
were constructed with Maximum-Likelihood model with a bootstrap value of 1000.
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A.

(continued on following page)

19

Figure 1. Continued

B.

Table 3: Sequence comparison of UrdA putative homologs of the Genus Aspergillus
Species
Aspergillus flavus
Aspergillus fumigatus
Aspergillus kawachii
Aspergillus niger
Aspergillus oryzae
Aspergillus terreus

Accession #
XP_002377180.1
KMK54416.1
GAA82604.1
GAQ37360.1
XP_001821401.2
XP_001214726.1

E-Value
7e-82
1e-76
2e-65
3e-70
5e-81
1e-88

Similarity
62.8
61
59.4
59.8
50.6
61.7

Identity
48.1
46.2
45.1
45.5
38.8
47.7
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Figure 2. (A) Multiple sequence alignment of UrdA homologs in Penicillium Spp. Penicillium
decumbens (P. decumbens), Penicillium brasilianum (P. brasilianum) and Penicillium
subrubescens (P. subrubescens). Accession numbers of these sequences are listed in Table 4. (B)
Multiple sequence alignment of UrdA homologs in Talaromyces spp. Talaromyces islandicus (T.
islandicus), Talaromyces atroroseus (T. atroroseus) and Talaromyces verruculosus (T.
verruculosus) Accession numbers of these sequences are listed in Table 4. The red line, below
the alignment sequences, indicates the HLH domain. Sequences were aligned using Muscle
(http://www.ebi.ac.uk/Tools/msa/muscle/). Alignment was visualized with BoxShade v3.21
(http://ch.embnet.org/software/BOX_form.html).
A.

(continued on following page)
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Figure 2. Continued
B.

Table 4: Sequence comparison of A. nidulans UrdA with putative homologs of the Genus
Penicillium
Species
Penicillium decumbens
Penicillium brasilianum
Penicillium subrubescens

Accession #
OQD77136.1
CEJ62028.1
OKO95952.1

E-Value
3e-59
9e-57
2e-53

Similarity
56.0
55.8
53.5

Identity
42.5
41.4
39.8
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Table 5: Sequence comparison of A. nidulans UrdA with putative homologs of the Genus
Talaromyces
Species
Talaromyces islandicus
Talaromyces atroroseus
Talaromyces verruculosus

Accession #
CRG85515.1
XP_020119049.1
KUL84309.1

E-Value
1e-55
3e-46
9e-44

Similarity
54.6
51.6
49.5

Identity
40.4
36.7
35.2

urdA is required for optimal level of conidiation in the wild-type strain
To study the role of urdA in morphogenesis and other cellular processes, a deletion strain
was constructed. The deletion strain was confirmed by colony PCR (Figure 3). Genomic DNA
from the wild-type and ∆urdA strains were isolated. urdA-P0, a forward primer annealing
upstream of the linker primer used to construct the deletion cassette, and the reverse primer
pyrG_Afum_R, annealing at the pyrG marker region, were used to confirm by diagnostic PCR
whether the deletion cassette was integrated correctly at the urdA locus in the fungal genome.
The presence of a 3.3 kb band confirmed the urdA deletion (Figure 3). In addition, reincorporation of the A. nidulans urdA wild-type allele in urdA in the complementation strain
was verified by PCR (Figure 4) as described in the Materials and Methods section. The
predicted 4.4 kb PCR product was obtained. The complementation strain presented wild-type
phenotype. In our study, urdA produced notably fewer conidia compared to the wild-type;
conidiation levels in 36 h-old ∆urdA cultures were ~19-fold and 57-fold reduced with respect to
those of the wild-type strain growing in light and dark, respectively. These differences continued
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over time (48 h-old cultures), with a ~14-fold decrease in conidial production in the light and 31fold in the dark (Figure 5)

Figure 3: Construction of ∆urdA (TSSP1.1). (A) Schematic representation showing deletion of
urdA by gene replacement using pyrG from Aspergillus fumigatus. The crosses (X) indicates
recombination events between the flanking regions. (B) Diagnostic PCR confirming the deletion
of urdA gene in the selected transformants using primers urdA-P0 and pyrG_Afum_R denoted
by F and R respectively. Deletion of ∆urdA is indicated by the presence of 3.3-kb fragment.
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Figure 4: Construction of strain TSSP27.1 (urdA-complementation). (A) Linear representation
of the urdA-complementation vector. (B) Diagnostic PCR was used to confirm the reintegration
of urdA into the genome of the ∆urdA host strain after transformation, using primers ANurdAcomF-NotI and ANurdA-comR-SpeI (Table 2), labeled in this figure as F and R respectively.

25

Figure 5: UrdA induces asexual development. (A) Wild-type (WT), ∆urdA and urdAcomplementation (urdA-com) were point-inoculated on GMM plates and incubated for 7 days in
light and dark. (B) Quantification of conidiophores in 36 h and 48 h cultures grown in light and
dark. Error bars represent standard error.
A.

B.
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OE of brlA is sufficient to induce conidiation in the absence of urdA

Our study using the veA+ background and other studies using a veA1 mutant background
Oiartzabal-Arano et al. (2015) showed that urdA is required for wild-type level conidiation. In
addition, Oiartzabal-Arano et al. (2015) reported higher urdA expression in ∆brlA veA1. Here
we analyzed whether overexpression of brlA was sufficient to rescue conidiation in the absence
of urdA in a strain with an intact veA locus. Diagnostic PCR was used to confirm the presence of
alcA(p)::brlA using primers AN_alcA(P)_F and ANbrlA_R. Our results indicated that the
overexpressed brlA in an urdA deletion background produced similar numer of conidia as
compared to wild-type., while deletion urdA produced 10-fold less conidia than the control
(Figure 6).
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Figure 6. brlA overexpression is sufficient to rescue conidiation in the absence of urdA. (A)
Close-ups of the wild-type strain TRV50.2, ∆urdA and ∆urdA,OE(overexpression)brlA were
cultured in liquid shaken GMM medium at 250 rpm, for 18 h and then shifted onto an inducible
medium, TMM plates. Photographs were taken after 6 days. (B) Quantification of conidial
production. Error bars represent standard error.

.
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Effect on urdA on sexual development
In addition, the A. nidulans ∆urdA strain presented a precocious and increased sexual
development as compared to the wild-type control (Figure 7). Cleistothecial primordia were
already present in ∆urdA after 36 h of incubation, in both light and dark cultures, while they
were absent in the wild-type. At 48 h, cleistothecia were present in ∆urdA cultures grown in the
light and in the dark, some of them already showing pigmentation, while in the wild-type only
cleistothecial primordia were observed at that time point, and only in dark cultures. In one-week
cultures ∆urdA showed abundant fully pigmented cleistothecia in both light and dark, whereas
the wild-type formed few cleistothecia under those conditions.
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Figure 7: UrdA represses sexual development. (A) Wild-type (WT), ∆urdA and urdAcomplementation (urdA-com) were point-inoculated on GMM plates and incubated for 7 days in
light and dark. Micrographs (50X magnification) were taken with a Leica MZ75 dissecting
microscope attached to a Leica DC50LP camera after ethanol was sprayed to improve
visualization of cleistothecia. B. Quantification of cleistothecia in 36 h and 48 h cultures grown
in light and dark. Error bars represent standard error.
A.

B.
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To assess possible functional conservation between the putative UrdA homologs from species of
the genus Aspergillus, A. nidulans ∆urdA was heterologously complemented with the urdA gene
from the AF-producer and agriculturally and medically important fungus A. flavus (AflurdAcom) (Figure 8A and 8B). Our results indicated that AflurdA complementation of the A.
nidulans urdA deletion mutant does not rescue wild-type phenotype (Figure 8C).
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Figure 8: Construction of the TSSP28.1 strain (urdA- heterologous complementation). (A)
Linear representation of the A. flavus urdA-complementation vector. (B) Diagnostic PCR was
used to confirm the integration of A.flavus urdA into the genome of the A. nidulans ∆urdA host
strain after transformation, using primers AflurdA-comF-NotI and AflurdA-comR-SpeI (Table 2)
labeled in this figure as F and R respectively. The expected 3.7 kb PCR product was obtained.
(C) Point-inoculated GMM cultures of wild-type strain, ∆urdA, urdA-ANcom and urdA-Aflcom
incubated for 72 h in the light. D) Quantification of conidial production corresponding to (C).
Cores were collected 1 cm from the colony center.
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urdA is a light-dependent negative regulator of ST biosynthesis and production of several
unknown metabolites
In this study the possible effect of urdA in the production of ST, a penultimate precursor
of aflatoxin B1, was also evaluated. The A. nidulans veA+ wild-type produces significantly more
ST in the dark than in the light when growing on solid GMM (Atoui et al., 2010). However, the
urdA strain produced as much ST in both light and dark, as the level of this mycotoxin in wildtype dark cultures (Figure 9A-9B). This suggests that the role of urdA in regulating ST
production in A. nidulans is light-dependent. Interestingly, our chemical analysis also indicated
that the absence of urdA affects the synthesis of some additional unknown metabolites (Figure
9A), suggesting a broader effect of urdA in secondary metabolism.
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Figure 9: urdA is a light-dependent negative regulator of ST production. (A) TLC analysis of ST
produced by wild-type (WT) and ∆urdA cultures grown on top-agar inoculated solid GMM
medium at 37 o C in light and dark conditions for 36 h, and 48 h. ST, a commercial ST standard
from SIGMA. Arrows indicate other metabolites whose synthesis is affected by urdA. (B)
Densitometry of the ST bands were carried out using ImageJ software. The ST bands were
normalized to the wild-type levels in the light, considered as 100 percent. Values shown are
means of triplicates. Error bars represent standard error.
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urdA does not affect penicillin production
Our chemical analysis revealed that urdA influences the synthesis of ST as well as the
production of other fungal metabolites. For this reason, we also examined whether urdA affects
the biosynthesis of penicillin (PN) in A. nidulans using the bioassay described in the Materials
and Methods section. Our experiment indicated that there is no statistically significant difference
in the production of PN between wild-type and urdA cultures (Figure 10).

Figure 10: urdA does not affect penicillin (PN) production in A. nidulans. Extracts of wild-type
(WT) and ∆urdA were analyzed for penicillin bioassay as described in materials and methods.
(A-B) Quantification of amount of penicillin produced by each strain. Values shown are means
of triplicates. Error bars represent standard error.
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urdA affects the level of VeA in fungal cells
To study whether UrdA affects the abundance and subcellular localization of VeA, a
veA::gfp::pyrG strain was generated in wild-type and deletion urdA backgrounds. A diagnostic
PCR, using Primers AnidveA_P7 and ANVeASTagP4 (Table 4), was used to confirm the
presence of the veA::gfp::pyrG fragment in the veA locus. Amplification of a 6.6 kb PCR
product indicates the correct integration (Figure 11). A parallel set of cultures further grown in
the dark did not show any differences with respect to the control (data not shown). However,
microscopic examination of the cultures grown in the light revealed that abundance of VeA was
significantly greater in the absence of urdA compare to the control strain. This enhanced VeA
accumulation was particularly notable in nuclear compartments (Figure 11).
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Figure 11: UrdA affects accumulation of VeA in fungal cells. (A) Introduction of the
veA::gfp::pyrG cassette into a ∆urdA and WT strains. The presence of this cassette was
demonstrated by diagnostic PCR using primers veAF5'UTR and veAGFP, yielding an expected 4
kb product. (B) Micrographs under fluorescence illumination showing DAPI, the accumulation
of VeA::GFP in WT and ∆urdA strains and merged images. (C) Mean Pixel intensity values of
the fluorescence in nuclear and cytoplasmic compartments. The mean were taken from 40
measurements at different nuclear and cytoplasmic compartments.
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veA is epistatic to urdA
Previous studies revealed that the global regulator veA is required for sexual
development and is a negative regulator of conidiation (reviewed by Calvo et al., 2016),
whereas this study showed that urdA is a negative regulator of sexual development and a positive
regulator of asexual development, thus, we examined the epistatic relationship between veA and
urdA by generating a double deletion mutant ∆veA,∆urdA as described in Material and Methods.
The resulting ∆veA,∆urdA transformant was confirmed by a diagnostic PCR (Figure 12).
The wild-type TRV50.2 strain, single mutants ∆urdA and ∆veA along with the double
mutant ∆veA,∆urdA were point-inoculated on GMM plates and grown for 6 days. The double
mutant ∆veA∆urdA failed to produce either cleistothecia or conidia, instead it produced abundant
aerial hyphae (Figure 12).
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Figure 12: Epistatic relationship between veA and urdA. (A) Wild-type, ∆urdA, ∆veA and ∆veA
∆urdA were point-inoculated and cultivated in dark and light condition for 6 days. Micrographs
were taken with a Leica MZ75 dissecting microscope attached to a Leica DC50LP camera at
50X magnification. (B) Conidiospore quantification (C) Cleistothecial quantification. Error bars
represent standard error.

DISCUSSION
Aspergilli has been beneficial as well as notoriously detrimental to the human
civilization. Different species from this genus have been utilized in industrial application for
food production, including for sake, citric acid and different medicinal drugs such as penicillin
and lovastatin. Furthermore, some species, like A. fumigatus, have been known to cause Invasive
Aspergillosis in immunocompromised patients, resulting in high mortality rate (Ruchel et al.,
1999). A. flavus is an opportunistic plant pathogen that infects various oil-seed crops such as
peanuts, tree nuts, cotton, corn and sorghum (Duran et al., 2007: Duran et al., 2009).
Humankind could benefit greatly from the identification and manipulation of genetic regulatory
mechanisms governing beneficial as well as the detrimental impacts in these species.

The biosynthesis of secondary metabolites is important for the survival and adaptation of
fungi. The mechanisms that control their biosynthesis also regulates morphogenesis (Calvo
2002; Calvo 2008; Calvo et al., 2016; Bayram and Braus, 2012; Calvo and Cary, 2014; Yu
and Keller, 2005). A. nidulans is a model organism which can be used to study the regulation of
secondary metabolism as well as development ( Etxebeste et al. 2010a; Park and Yu 2012). A.
nidulans disseminates by producing asexual spores called conidia in specialized structures
termed conidiophores. Conidiation is controlled by upstream development activators (UDAs)
upon that external stimuli activates the pioneer of the central development pathway (CDP) brlA
(Adams et al., 1998, Yu et al., 2006). FlbB is another protein which after induction of
expression of FlbD, bind to it and jointly activate expression of brlA (Garzia et al., 2010),
affecting development in A. nidulans (Oiartzabal-Arano et al., 2015). A previous flbB
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transcriptome analysis showed the gene AN4394 (now named urdA), to be positively regulated
by flbB (Oiartzabal-Arano et al., 2015). UrdA is a putative transcription factor that control the
sexual or asexual development. Deletion of urdA inhibits conidiation and prematurely activates
the sexual stage (Oiartzabal-Arano et al., 2015). Similarly, deletion of ecdR, the urdA homolog
in A. oryzae, produced higher number of sclerotia than the wild-type (Oiartzabal-Arano et al.,
2015; Jin et al., 2011, Ogawa et al., 2010). This is relevant since sclerotia are vestiges of sexual
developmental structures that lost the capacity to produce meiospores (Coley-Smith and Cooke,
1971; Malloch and Cain, 1972; Wicklow, 1987; Geiser et al., 1996).

In A. nidulans, UrdA shows moderate conservation to other putative homologs in the
Aspergillus genus, including A. flavus, A. fumigatus, A. kawachii, A. niger, A. oryzae and A.
terreus as well as with other Ascomycetes fungal genera, Penicillium and Talaromyces. Higher
eukaryotes lack a UrdA, suggest that this regulator is discrete to few genera of filamentous fungi.
Furthermore, our phylogenetic analysis together with our heterologous complementation studies
suggest that urdA could be distinct and functionally specific in A. nidulans with respect to
putative homologs even in other Aspergilli.

Oiartzabal-Arano et al., (2015) studied the role of urdA in A. nidulans veA1 mutant
background, commonly used in A. nidulans research laboratories. The present study
characterized the urdA role in A. nidulans veA+ wild-type background. Our experiments revealed
that ∆urdA shifts development towards the sexual stage and decreases conidiation.
Overexpression of brlA in the absence of urdA reestablish wild-type conidiation, indicating that
urdA is upstream of brlA in the signaling pathway that results in induction of conidiogenesis. The
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urdA developmental phenotype was particularly noticeable in cultures grown in the light, where
asexual sporulation is very abundant in the wild-type urdA veA+ strains, while those differences
were reduced in the dark, where a veA+ strain develops mainly sexually. These results indicate
that urdA is required for normal conidiophore production and is a negative regulator of
cleistothecial development in A. nidulans. Furthermore, this role is especially relevant when this
organism is exposed to light, an environmental stressor not conducive to sexual developmental
that favors air-borne conidial dispersal of this organism to other areas.

As mentioned above, development and secondary metabolism are genetically linked
(Kato et al., 2003; Calvo et al., 2016). A. nidulans produces small levels of ST in the light and
larger amounts in the dark, interestingly, ∆urdA produced as much ST in light culture than that of
wild-type or ∆urdA cultures grown in the dark. These observations suggest that urdA is a
negative regulator of ST production that is light-dependent.

Along with the effect of urdA on ST, our TLC result indicated that there were several unknown
metabolites accumulating at higher level in the absence of urdA compared to the wild-type. This
indicates that urdA controls not only the amount of ST produced but also affects other unknown
natural products in A. nidulans, and therefore has a signifying broader regulatory potential. This
corelates to the previous study done by Oiartzabal-Arano et al. (2015) where urdA was shown
to regulate two genes of the dba secondary metabolite gene cluster.For this reason, we also
examined the role of urdA in PN biosynthesis. Herrmann et al. (2006) showed that β-Lactam
antibiotics are tightly controlled by signal transduction pathway in A. nidulans. To study the
effect of urdA in PN biosynthesis, urdA deletion and isogenic controls were subjected to PN
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bioassay. Our study showed that in this case there is no statistical difference in PN production in
the urdA deletion strain with respect to the control, suggesting that urdA is not involved in PN
production in A. nidulans.

Besides flbB, the global regulatory gene, veA, is well-known to govern fungal
morphological development and production of secondary metabolism among other cellular
processes (Calvo et al, 2002; Calvo et al, 2008; Calvo et al., 2016; Bayram and Braus 2011).
VeA is conserved in numerous fungal species but absent in plant or animal genomes (Kato et al.,
2003; Duran et al., 2007; Dhingra et al., 2012; Calvo et al., 2004; Myung et al., 2009; Chettri
et al., 2012; Calvo et al., 2016). The subcellular localization of the VeA wild-type protein
(VeA+) is light dependent (Stinnett et al., 2007). While in the light VeA is abundantly present in
the cytoplasm, in the dark this protein mainly accumulates in nuclei, promoting sexual
development, biosynthesis of ST and other secondary metabolites, and repressing conidiation.
Our study showed that absence of urdA increased VeA protein levels in the cell in light cultures,
particularly in nuclei, suggesting that urdA influences VeA synthesis and cellular transport, and
in this way possibly contributing, at least in part, to the observed urdA phenotype regarding
sexual and asexual development as well as ST production and biosynthesis of other compounds.

Since, veA and urdA have antagonistic roles in A. nidulans, such as their role in sexual
and asexual development, we investigated the epistatic relationship between these two regulators
by the generation of a double mutant ∆veA∆urdA. Our results showed that this double mutant
neither produced conidia nor cleisthothecia, instead it grew mainly vegetatively forming
abundant aerial mycelium. In addition, the medium pigmentation was the same as that of ∆veA.
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This showed that although veA appears to be epistatic to urdA, the double mutant ∆veA∆urdA
failed to hyperconidiate as in the case of the ∆veA mutant. Thus, although veA and urdA appear
functionally related they also perform independent regulatory roles.

In conclusion, this study provides further interesting insight into the role and mechanism
of action of the putative HLH DNA binding domain containing transcription factor gene urdA in
the model filamentous fungus A. nidulans. The bioinformatic analysis revealed that urdA is
unique to the genus Aspergillus and few phylogenetically close genera, althought urdA function
in A. nidulans appears to be distinct, at least from that of A. flavus. urdA has an important role in
promoting asexual development and repressing sexual development in A. nidulans particularly
when this organism is exposed to light, a harmful environmental factor for fungal growth.
Furthermore, urdA influences secondary metabolism in a light-dependent manner, including the
production of the carcinogenic mycotoxin ST. Importantly, urdA affects the abundance of the
global regulatory VeA protein in cytoplasm and nuclei, probably contributing to some of the
pleiotropic effects observed in the absence of urdA, and further reflecting the broad regulatory
spectrum of urdA in the model filamentous fungus A. nidulans.
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